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Dual stimuli-responsive rotaxane-branched
dendrimers with reversible dimension modulation
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Xu-Qing Wang1, Wei Wang1, Wei-Jian Li1, Li-Jun Chen1, Rui Yao1, Guang-Qiang Yin1,2, Yu-Xuan Wang1,
Ying Zhang3, Junlin Huang4, Hongwei Tan3, Yihua Yu4, Xiaopeng Li2, Lin Xu1 & Hai-Bo Yang1

With the aim of mimicking biological machines, in which the delicate arrangement of
nanomechanical units lead to the output of speciﬁc functions upon the external stimulus, the
construction of dual stimuli-responsive rotaxane-branched dendrimers was realized in this
study. Starting from a switchable organometallic [2]rotaxane precursor, the employment of a
controllable divergent approach allowed for the successful synthesis of a family of rotaxanebranched dendrimers up to the third generation with 21 switchable rotaxane moieties located
on each branch. More importantly, upon the addition and removal of dimethylsulfoxide
(DMSO) molecule or acetate anion as the external stimulus, the ampliﬁed responsiveness of
the switchable rotaxane units endowed the resultant rotaxane-branched dendrimers the
solvent- or anion-controlled molecular motions, thus leading to the dimension modulation.
Therefore, we successfully constructed a family of rotaxane-branched dendrimers with dual
stimuli-responsiveness that will be a privileged platform for the construction of dynamic
supramolecular materials.
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M

echanically interlocked molecules (MIMs), such as
rotaxanes, catenanes, knots, etc., have aroused extensive
interests during past few decades because of not only
their esthetic beauty but also their extensive applications as
artiﬁcial molecular machines1–6. For instance, the pioneering
work on rotaxane-based molecular shuttles by 2016 Nobel
laureate, J. Fraser Stoddart, has initiated a new era of design and
synthesis of molecular machines7,8. The inspiration of the construction of MIM-based artiﬁcial molecular machines comes from
the living systems, in which well self-organization of functional
nanomechanical moieties enables the intriguing ampliﬁcation of
collective molecular motions to perform vital biological functions9–11. As a representative example, the macroscopic motion of
muscles is realized by the coordinative movements of sarcomeres
as repeating units12. By mimicking the delicate arrangement of
nanomechanical units in biological machines, the introduction of
artiﬁcial MIMs into a speciﬁc supramolecular scaffold will inject
new vitality to the construction of new dynamic supramolecular
materials13,14.
Rotaxanes, as a fundamental type of MIMs, have proven to be
crucial candidates for the construction of artiﬁcial molecular
machinery and electronic devices due to their shuttling and
switching features15–18. Upon being exposed to the external stimulus such as pH, redox, temperature, light etc., the macrocyclic
component in rotaxane could undergo directional motions
around the axle component19. By combining such unique motion
properties of rotaxane with the monodispersed and highly symmetrical nature of dendrimers20–22, investigations on rotaxane
dendrimers have offered great possibilities towards the construction of novel smart materials, which have attracted
considerable attentions recently23,24. Up to date, a great number
of sophisticated rotaxane dendrimers have been successfully
prepared by Vögtle and co-workers25, Stoddart and coworkers26–28, Gibson et al.29, Kim and co-workers.30,31, Wang
and Kaifer32, Leung and co-workers33,34, etc., which have displayed wide applications in the ﬁeld of molecular nanoreactors,
gene delivery, and light-harvesting system, etc.35–37. It should be
noted that, although a great deal of achievement has been
obtained in this ﬁeld, the rotaxane-branched dendrimers, in
which rotaxane moieties are located on each branch, have been
rarely explored because of the synthetic chanllenge31,33,34,38. In

Results
Synthesis of the switchable [2]rotaxane 2 as key precursor. In
this study, the host–guest complex of pillar[5]arene and neutral
alkyl chain was employed as the rotaxane moiety39–41. Meanwhile, the formation of platinum–acetylide bond was selected as
the key growth steps42,43. In order to realize the controllable,
directional motion of macrocycle to afford the switchable rotaxane, the urea moiety was inserted into the backbone of axle to
serve as stimuli-responsive site in the pillararene/alkyl chain
rotaxane system. Due to the stronger hydrogen bonding interactions between ethoxy group of pillararene macrocycle and the
urea moiety compared with the CH···π interactions between pillararene macrocycle and neutral alkyl chain, the urea moiety and
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particular, the construction of multiple stimuli-responsive
rotaxane-branched dendrimers has not been yet realized.
Previously, we have successfully synthesized the highgeneration (up to fourth generation) organometallic rotaxanebranched dendrimers via a controllable divergent strategy38.
However, in that example, the lack of controllable switching
property of the rotaxane units hampered the investigation on
their stimuli-responsiveness and further applications.
Herein, as a feasible and practical solution towards the construction of dynamic rotaxane-branched dendrimers as smart
supramolecular materials, we describe herein the preparation and
characterization as well as property investigation of a family of
dual stimuli-responsive rotaxane-branched dendrimers up to
third generation with 21 switchable [2]rotaxane units located on
each branch. The introduction of switchable rotaxane units into
the dendritic scaffold imparted the switchable feature to the
resultant rotaxane-branched dendrimers when the external stimulus was added. For example, with the addition of dimethylsulfoxide (DMSO) molecule or acetate anion as the competitive
hydrogen bonding acceptor, the directional and switchable
mechanical motion of rotaxane on each branch was realized,
leading to the dynamics and dimension modulation of the integrated rotaxane-branched dendrimers (Fig. 1). Therefore, the
controllable mechanical motions of rotaxane moieties could
inﬂuence the dynamics and dimensions of rotaxane-branched
dendrimers, which might be applied in the reversible uptake and
release applications, or even switchable organocatalysis in the
future.
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Fig. 1 Cartoon representation of the dimensional modulation of rotaxane-branched dendrimer upon the addition or removal of external stimuli
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the adjacent methylene units would be preferentially positioned
within the cavity of the pillar[5]arene. Upon the addition of
hydrogen bonding acceptor as stimulus to the pillararene/alkyl
chain rotaxane system containing the urea group, the controllable
motion of pillar[5]arene to methylene units will be feasible, thus
resulting in the construction of a switchable rotaxane (Fig. 2).
According to such design strategy, a semi-blocked rod-like
component 1 possessing both urea moiety and neutral alkyl
chain, respectively, was prepared by a multistep synthetic route as
indicated in SI Appendix (Supplementary Fig. 1). In the presence
of CuI as a catalyst, the mixture of semi-blocked rod-like component 1, DEP5 (1,4-diethoxypillar[5]arene) macrocycle, and Pt
(PEt3)2I2 in a ratio of 1:6:4 in CHCl3/i-Pr2NH (v/v, 2:1) led to the
successful synthesis of [2]rotaxane 2 as the key precursor for the
following dendrimer growth in a good yield (70%) on gram scale.
The analysis of multinuclear (1H, 13C, and 31P) NMR revealed
the formation of organometallic [2]rotaxane 2. As shown in the
1H NMR spectrum (Supplementary Fig. 21), due to the shielding
effect, the peaks of urea (H3 and H4) and methylene moiety
(H8–17) on the axle component displayed remarkable upﬁeld
shifts, and two broad peaks below zero were found. All these
observations indicated the successful formation of the pillararene/
alkyl chain rotaxane system. With the assistance of twodimensional (2-D) spectroscopic techniques (1H-1H COSY and
ROESY), the formation of organometallic [2]rotaxane 2 was
further conﬁrmed. By virtue of 2-D COSY analysis (Supplementary Fig. 23), the signals of the alkyl chain were clearly identiﬁed.
Meanwhile, in the 2-D ROESY spectrum (Supplementary Fig. 24),
H3C

Synthesis and characterization of rotaxane-branched dendrimers. With the key precursor [2]rotaxane 2 in hand, the
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the correlations between proton H4 of urea moiety on the axle
with the aromatic protons (Ha) and the bridged methylene
protons (Hc) of pillar[5]arene were observed. In addition, the
methylene protons (H8–17) of axle component also displayed
correlations with protons Ha and Hc of pillar[5]arene, thus
indicating the existence of the targeted rotaxane. More importantly, it was found that the correlations between protons H9–13
and protons of pillar[5]arene (Ha and Hc) were stronger than
other protons in the axle, which demonstrated that these protons
were encapsulated within the cavity of pillar[5]arene. Moreover,
in 31P NMR spectrum (Supplementary Fig. 22), compared with
that of Pt(PEt3)2I2, the peak attributed to the phosphine ligand in
[2]rotaxane 2 shifted from 1.09 to 9.55 ppm, which was consistent
with the formation of platinum–acetylide bond. The study of
MALDI-TOF-MS provided further strong evidence for the
existence of organometallic [2]rotaxane 2. In the mass spectrum
of 2, a peak at m/z = 2201.0498 was observed, which was
attributed to [M + H]+ ion. This peak was isotopically resolved
and its isotopic resolution agreed well with the theoretical
distribution (Supplementary Fig. 20). Notably, unlike some classic
charged rotaxane systems based on either the charged macrocycles or axles, the organometallic [2]rotaxane 2 is neutral, which
is able to simplify the subsequent reaction and puriﬁcation
processes of the synthesis of rotaxane-branched dendrimers.
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Fig. 2 Cartoon representation of the solvent- and anion-induced switching motions of DEP5 ring in [2]rotaxane 2
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synthesis of rotaxane-branched dendrimers, in which pillararene/
alkyl chain rotaxane system is located on each branch, was then
performed. As shown in Fig. 3, by employing CuI-catalyzed
coupling reaction of [2]rotaxane precursor 2 with 1,3,5-triethynylbenzene, the ﬁrst-generation rotaxane-branched dendrimer G1
was successfully prepared in a yield of 74%, which contained
three switchable rotaxanes on the branches. The sequential
deprotection of G1 with tetrabutylammonium ﬂuoride (TBAF)
gave rise to the corresponding rotaxane dendrimer G1-YNE with
six alkyne groups at the periphery in a yield of 92%. By repeating
the coupling reaction that generated platinum–acetylide bonds,
the second-generation rotaxane-branched dendrimer G2 with
nine switchable rotaxanes on the branches was synthesized in
62% yield. Similarly, the third-generation rotaxane-branched
dendrimer G3 was prepared via the sequential deprotectioncoupling process. It should be mentioned that the resultant thirdgeneration rotaxane dendrimer G3 was a highly branched [22]
rotaxane system with 21 rotaxane moieties located in the dendrimer skeleton of monodispersed distribution. The puriﬁcation
of these rotaxane-branched dendrimers G1−G3 was performed
via column chromatography and preparative gel permeation
chromatography (GPC) (Supplementary Fig. 28).
Multinuclear (1H, 31P, and 13C) NMR measurements were
ﬁrstly performed to characterize the resultant rotaxane-branched
dendrimers. In view of 1H NMR analysis (Fig. 4), the peaks of
protons ascribed to the rotaxane units remained, which disclosed

that the rotaxane units were not destroyed during the growth
process. Notably, in the higher-generation rotaxane-branched
dendrimers G2 and G3, the peaks became broad and more than
one set of peaks attributed to the rotaxane units were observed,
which indicated that the rotaxane moieties on different branches
were slightly nonequivalent. In addition, 31P NMR spectra of all
rotaxane-branched dendrimers G1−G3 displayed a signal peak,
which was consistent with the high symmetry feature of the
dendritic skeleton. Similar with1H NMR spectra, along with the
generation increase of rotaxane-branched dendrimers, slight
broad effect in the 31P NMR spectra was observed (Fig. 4).
Moreover, compared with the building block [2]rotaxane 2, the
phosphine signals attributed to the PEt3 ligands around platinum
centers displayed the similar downﬁeld shift of ~2.9 ppm
(Supplementary Fig. 50), which provided the direct supports for
the formation of platinum–acetylide bonds during the dendrimer
growth process.
With the assistance of the mass analysis, the formation of
rotaxane-branched dendrimers was further conﬁrmed. In the ESIMS spectrum of G1 (Supplementary Figs. 32 and 33), peaks of
m/z = 2124.7927 and m/z = 1593.9254 were found, which agreed
well with the theoretical value of [G1 + 3 H]3+ ion (m/z =
2124.8766) and [G1 + 4 H]4+ ion (m/z = 1593.9075). MALDITOF-MS experiment was further performed to analyze the
structure of G2. The peak of m/z = 17944.7 for G2 was observed,
which was almost in consistent with the theoretical average
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molecular weight Mr = 17876.5 Da (Supplementary Fig. 42). Due
to the large molecular mass and low ionization efﬁciency of G3,
neither MALDI-TOF-MS nor ESI-MS offered the satisﬁed mass
data. GPC experiments were then carried out to conﬁrm the
formation as well as the monodispersity of rotaxane-branched
dendrimers. In the GPC spectra (Supplementary Figs. 51–53), all
rotaxane-branched dendrimers exhibited a single peak and
narrow distributions for the number-averaged molecular weight
(Mn) and the polydispersity index (PDI) (for G1, PDI = 1.03; for
G2, PDI = 1.04; for G3, PDI = 1.15), indicating the existence of
monodisperse rotaxane-branched dendrimers G1–G3.
Moreover, 2-D diffusion-ordered spectroscopy (DOSY)44–47
was also exploited to evaluate the monodispersity and size change
of the resultant rotaxane-branched dendrimers G1−G3. All
DOSY spectra of G1−G3 presented one set of signals, indicating
the existence of the sole species of rotaxane-branched dendrimers.
Furthermore, compared with the key [2]rotaxane building block
2, the signiﬁcant decrease of the diffusion coefﬁcient (D) from
(15.15 ± 0.05) × 10−10 m2 s−1 (2) to (7.37 ± 0.04) × 10−10 m2 s−1
(G1), (5.69 ± 0.06) × 10−10 m2 s−1 (G2), and even (2.95 ± 0.07) ×
10−10 m2 s−1 (G3), respectively, were clearly observed, which
provided the additional support for the progressive size increase
of the obtained rotaxane-branched dendrimers (Supplementary
Figs. 54–57).
With the targeted rotaxane-branched dendrimers in hand, the
investigations on their morphology and photophysical properties
were further carried out. Atomic force microscopy (AFM) and
transmission electron microscopy (TEM) were employed to study
the morphology of the resultant dendrimers G1−G3. According to
the AFM images (Supplementary Figs. 58–60), it was found that,
with the increase of generation of rotaxane-branched dendrimers,
the average height gradually increased from 1.76 ± 0.26 nm (G1) to
2.70 ± 0.29 nm (G2), and 3.21 ± 0.34 nm (G3), respectively. From
the TEM analysis, the size of dendrimers G1−G3 were determined
to be 1.86 ± 0.24 nm for G1, 2.60 ± 0.27 nm for G2, and 3.55 ± 0.32
nm for G3, respectively (Supplementary Figs. 61–63). In the UV-vis
spectra (Supplementary Table 1 and Supplementary Fig. 64), two
major absorption bands at around 291 and 343 nm were found,
which were described as an admixture of intra-ligand (IL) [π–π*
(CR≡CR)] and metal-to-ligand charge transfer (MLCT) [d(Pt)π–π*
(CR≡CR)] transition with the predominant IL character according
to the previous spectroscopic investigation on platinum–acetylide
complexes48–50.

Solvent- or anion-induced switching of [2]rotaxane 2. With the
successful construction of the targeted rotaxane-branched dendrimers G1−G3, the investigations on their responsiveness
towards the external stimuli were on the agenda. As the key
building block for preparation of the integrated rotaxanebranched dendrimers, the stimuli-responsive behavior of [2]
rotaxane 2 was ﬁrstly evaluated. Due to the existence of urea
moiety as a hydrogen bonding donor, a DMSO molecule or an
acetate anion was employed as a hydrogen bonding acceptor to
compete with a DEP5 macrocycle to complex with the urea
group. Therefore the solvent- or anion-induced translational
motion of DEP5 macrocycle in [2]rotaxane 2 should be feasible
(Fig. 2). For instance, by sequentially adding DMSO-d6 into the
solution of [2]rotaxane 2 (c = 0.4 mM) in tetrahydrofuran-d8
(THF-d8), the DEP5 ring gradually moved from the urea moiety
towards the neutral alkyl chain, which was indicated by the 1H
NMR titration experiments as shown in Supplementary Table 2
and Supplementary Fig. 80. It was found that the signals of the
protons H3 and H4 on the urea moiety as well as methylene
protons (H8–12) nearby the urea moiety were all shifted downﬁeld. On the contrary, the signals of protons (H13–17) ascribed to
the neutral alkyl chain displayed the obvious upﬁeld shifts. For
example, with the continuous increase of DMSO-d6, the signal of
proton H3 shifted downﬁeld from 7.50 ppm (THF-d8, 400 μL) to
8.22 ppm (THF-d8/DMSO-d6, 400/10 μL). On the other hand, the
signal of the proton H15 moved upﬁeld from −1.07 ppm (THFd8, 400 μL) to −1.78 ppm (THF-d8/DMSO-d6, 400/10 μL).
Moreover, the further addition of THF-d8 (100 μL) into the system induced the translational motion of DEP5 ring in the
opposite direction. During such directional motion process, the
signal of protons H3–4 and H8–12 shifted upﬁeld, whereas the
signal of proton H13–17 shifted downﬁeld, thus indicating the
reversibility of solvent-induced translational motion behavior of
DEP5 macrocycle in [2]rotaxane 2.
Similarly, the sequential addition of tetrabutylammonium
acetate (TBAA) into the solution of [2]rotaxane 2 in THF-d8
induced the signiﬁcant changes in the 1H NMR spectra as
indicated in Supplementary Table 3 and Supplementary Fig. 81.
The signals of the protons H3 and H4 on the urea moiety were
remarkably downﬁeld shifted. At the same time, the signals of
aromatic protons (H1 and H2) and methylene protons (H8–12)
close to the urea moiety also shifted downﬁeld, while the signal of
protons (H13–17) ascribed to the neutral alkyl chain exhibited the
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obvious upﬁeld shift. For example, upon adding 5.0 equiv. of
TBAA, the signal of proton H3 shifted downﬁeld from 7.48 to
11.71 ppm. On the opposite, the peaks of H15 moved upﬁeld from
−1.05 ppm to −2.11 ppm, suggesting that the DEP5 macrocycle
moved away from the urea moiety towards the neutral alkyl
chain. In order to completely remove acetate anion as NaOAc
precipitate, 7.0 equiv. of NaPF6 was subsequently added into the
mixture of [2]rotaxane 2 and TBAA. The resultant 1H NMR
spectrum was almost the same as the original spectrum of the [2]
rotaxane 2, indicating that the DEP5 macrocycle moved back to
the urea moiety. With the aim to obtain the further insight into
the anion-induced switching of [2]rotaxane 2, the acetate binding
afﬁnity of [2]rotaxane 2 was determined by 1H NMR titrations
with acetate anion (TBAA) in THF-d8. The data were ﬁtted to a
1:1 binding model (2: acetate anion) as conﬁrmed by Job plot
analysis, and the anion binding constant was calculated to be log
K = 3.57 ± 0.2 (Supplementary Fig. 85).
It should be noted that, in order to provide the additional
support to such stimuli-induced switching behavior of [2]
rotaxane 2, a series of control experiments were carried out.
Two model complexes either without the urea moiety (2-a) or
without the pillar[5]arene macrocycle (2-b) were synthesized as
shown in Supplementary Figs. 65 and 66. In the case of model
complex 2-a without urea moiety, upon the addition of DMSO-d6
(10 μL) or TBAA (5.0 eq.) into the solution of 2-a in THF-d8
(9.0 mM, 400 μL), the resultant spectra showed no obvious
change compared with the original spectrum of 2-a as indicated
in 1H NMR spectra (Supplementary Fig. 86). While for the [2]
rotaxane 2, upon the addition of either DMSO-d6 (10 μL) or
TBAA (5.0 eq.) as the stimulus at the same concentration (0.4
mM), the obvious downﬁeld shifts of the protons on urea moiety
(H3 and H4) were observed (Supplementary Fig. 87). The
combination of these ﬁndings suggested that the urea moiety
did act as a binding site interacting with the DMSO molecule or
anion species. More importantly, by comparing the 1H NMR
spectra of model complex 2-b with the [2]rotaxane 2 before and
after the addition of DMSO molecule or anion species, the
translational motion of DEP5 macrocycle along the axle was
conﬁrmed. When comparing the 1H NMR spectrum of [2]
rotaxane 2 with the one of model complex 2-b (Supplementary
Figs. 88b, c and 89b, c), the obvious upﬁeld shifts of urea protons
(H3 and H4) were observed in the 1H NMR spectrum of [2]
rotaxane 2, thus suggesting the encapsulation of urea moiety and
the adjacent methylene units within the cavity of DEP5. While
upon the addition of DMSO molecule as stimulus, as indicated in
the 1H NMR spectra of the model complex 2-b and the
corresponding [2]rotaxane 2 (Supplementary Figs. 88a and 88d,
respectively), the protons on urea moiety (H3 and H4) downﬁeld
shifted to the almost same position. In couple with the obvious
upﬁeld shifts of the methylene units (H13, H14, H15, and H16) in
the axle of [2]rotaxane 2, the stimuli-induced movement of DEP5
macrocycle from the urea moiety to the neutral alkyl chain on the
other side was demonstrated. In the case of acetate anion as
stimulus, the same results were observed as shown in Supplementary Fig. 89. These results strongly supported the existence of
translational motion of DEP5 macrocycle along the axle
stimulated by DMSO molecule or acetate anion.
In order to gain a better understanding of the solvent- and
anion-induced switching motion of DEP5 ring in [2]rotaxane 2,
theoretical calculation on these complexes was performed by
using the PM6 method with Grimme’s D3 correction for
correlation with MOPAC2016 program package51,52. As shown
in Supplementary Fig. 90, the optimized geometry structure
indicated that, in the initial state, the methylenes protons H8 and
H9 near the urea moiety were encapsulated within the aromatic
cavity of DEP5 ring. Upon the addition of the DMSO molecule as
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stimulus, due to the formation of hydrogen bonding complexes
with the urea moiety, the DEP5 ring moved away and located
around the methylenes with protons H14 and H15. Similarly,
when the acetate anion was added as stimulus, the DEP5 ring
underwent the similar translational motion to the methylenes
with protons H15 and H16. Notably, in the case of the acetate
anion as stimulus, the signiﬁcant anion-induced folding of the
larger stopper site in rotaxane was observed, which laid the
foundation for the further dimension modulation of integrated
rotaxane systems. According to the aforementioned results, the
solvent- and anion-controlled translational motion of the DEP5
ring in [2]rotaxane 2 was conﬁrmed, just allowing for construction of dynamic rotaxane-branched dendrimers by employing [2]
rotaxane 2 as the precursor.
Solvent- or anion-induced switching of rotaxane-branched
dendrimers. On the basis of the aforementioned switching
motion of DEP5 in [2]rotaxane 2 stimulated by either DMSO
molecule or acetate anion, the ampliﬁcation effect of multiple
switchable rotaxanes in the integrated rotaxane-branched dendrimers G1−G3 with the same stimulus was then investigated in
detail. It was found that, upon the progressive addition of DMSOd6 into the THF-d8 solution of rotaxane-branched dendrimers,
the DEP5 rings in all dendrimers G1−G3 displayed the similar
solvent-induced switching motions as indicated by 1H NMR
titration experiments (Supplementary Table 4 and Supplementary
Fig. 92 for G1; Supplementary Table 6 and Supplementary
Fig. 108 for G2; Fig. 5, Supplementary Table 8 and Supplementary
Fig. 111 for G3). Obvious chemical shifts of the related proton
signals on the axle were observed, which displayed the same trend
with [2]rotaxane building block 2, thus indicating the feasibility
of solvent-induced switching behavior of the integrated rotaxanebranched dendrimers.
Moreover, 1H NMR titration experiments via adding the
increase amount of acetate anions suggested the anion-controlled
switching behavior of the resultant rotaxane-branched dendrimers as well. According to the detailed titration study of
switchable [2]rotaxane 2, for each urea moiety, 5.0 equiv. of
TBAA was employed to induce the translational motion of DEP5
rings and 7.0 equiv. of NaPF6 was required to return the
dendrimers to the original state. In the case of ﬁrst-generation
rotaxane-branched dendrimer G1, the 1H NMR titration experiment indicated that the addition of 15.0 equiv. of TBAA resulted
in the complete switching motion of DEP5 rings (Supplementary
Table 5 and Supplementary Fig. 93). Notably, Job plot analysis
indicated a 1:3 (G1: acetate anion) binding stoichiometry
(Supplementary Fig. 94a), and the binding constants for the
acetate anion were calculated to be log K1 = 4.19 ± 0.2, log K2 =
3.43 ± 0.2, log K3 = 3.21 ± 0.2 (Supplementary Fig. 94b). Moreover, after adding 21.0 equiv. of NaPF6 into the mixture of G1 and
TBAA, the corresponding proton signals returned to the initial
position, suggesting that DEP5 rings went back to their original
positions.
Considering the fact that different locations of DEP5 ring on
the branches may inﬂuence their folding behaviors, which could
further lead to the size modulation of rotaxane-branched
dendrimers, thus the detailed investigation on the anioninduced dimension modulation of rotaxane-branched dendrimers
was carried out. 2-D DOSY experiments were ﬁrstly performed to
evaluate the anion-induced size change of rotaxane-branched
dendrimer G1. To our delight, upon the addition of TBAA, the
diffusion coefﬁcient (D) of rotaxane-branched dendrimer G1
increased from (7.37 ± 0.04) × 10−10 m2 s−1 to (10.35 ± 0.12) ×
10−10 m2 s−1, suggesting the decrease of its hydrodynamic size.
The subsequent introduction of NaPF6 into the mixture led to the
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Fig. 5 1H NMR spectra (THF-d8 (400 μL), 298 K, 500 MHz) of solvent-induced switching behavior of rotaxane-branched dendrimer G3. a G3; the addition
of DMSO-d6 in a: b 2 μL; c 4 μL; d 6 μL; e 8 μL; f 10 μL; g the addition of THF-d8 (100 μL) in f

Table 1 Diffusion coefﬁcient (D) values of the anionresponsive rotaxane-branched dendrimers G1–G3

D/10−10 m2 s−1
D/10−10 m2 s−1
D/10−10 m2 s−1

G1
7.37 ± 0.04
G2
5.69 ± 0.06
G3
2.95 ± 0.07

G1+TBAA
10.35 ± 0.12
G2+TBAA
8.66 ± 0.15
G2+TBAA
5.01 ± 0.11

G1+TBAA+Na+
8.91 ± 0.10
G2+TBAA+Na+
7.08 ± 0.16
G3+TBAA+Na+
3.98 ± 0.18

decrease of diffusion coefﬁcients, thus indicating the increase of
the hydrodynamic size (Table 1, Supplementary Figs. 95–97).
Furthermore, in order to provide further support to such stimuliinduced size modulation of rotaxane-branched dendrimer G1 in
the solution phase, dynamic light scattering (DLS) analysis was
performed. DLS investigation revealed that the size of G1
decreased from 2.03 to 1.63 nm with a shrinking ratio of 19.5%,
which was in accord with the 2-D DOSY analysis (Supplementary
Table 10 and Supplementary Fig. 118a).
In order to conﬁrm that the size modulation of the integrated
rotaxane-branched dendrimer was attributed to the rotaxane
switching on each branch, the model ﬁrst-generation dendrimers
either without urea moiety (G1-a) or without macrocycles moiety
(G1-b) were synthesized by employing the same controllable
divergent approach from the corresponding model complexes 2-a
or 2-b, respectively (Supplementary Figs. 65 and 66). Both model
dendrimers were well-characterized by multinuclear NMR (1H,
13C, and 31P) and MS analysis. In the case of the model
dendrimer G1-a without urea moiety, due to the absence of
binding site, no obvious change was found in the 1H NMR
spectra upon the addition of either DMSO molecule or acetate
anion as stimulus (Supplementary Fig. 98). While in the case of
model rotaxane dendrimer G1-b without macrocycles moiety,
upon the addition of DMSO molecule or acetate anion as
stimulus, the existence of hydrogen bonding interactions between
the urea moiety with either DMSO molecule or acetate anions
was conﬁrmed as evidenced by the remarkable chemical shifts of
H3 and H4 in the 1H NMR spectrum (Supplementary Fig. 99).
Since the acetate anion is a better stimulus than DMSO molecule
as demonstrated by the larger downﬁeld shifts in the 1H NMR

spectrum, acetate anion was selected as an external stimulus to
study the size modulation property of model dendrimers by using
the 2-D DOSY technique. It was found that, for both model
dendrimers, almost no change of the diffusion coefﬁcient value
before and after the addition of acetate anion was observed (for
G1-a, D = (13.11 ± 0.07) × 10−10 m2 s−1, for the mixture of G1-a
and TBAA, D = (13.26 ± 0.08) × 10−10 m2 s−1; for G1-b, D =
(9.83 ± 0.06) × 10−10 m2 s−1, for the mixture of G1-b and TBAA,
D = (9.72 ± 0.05) × 10−10 m2 s−1) (Supplementary Figs. 100–
105). Moreover, the DLS measurement revealed that the sizes
of both model dendrimers almost maintained before and after
adding 5.0 eq. of TBAA (for G1-a, before: 1.35 nm, after: 1.39 nm;
for G1-b, before: 1.55 nm, after: 1.53 nm) as shown in
Supplementary Fig. 106. These observations clearly demonstrated
that the size of the model dendrimers did not change with the
addition of anion, which might exclude the anion effect that
caused the swelling/de-swelling of the rotaxane-branched dendrimers in this study.
Based on the aforementioned size modulation of rotaxanebranched dendrimer G1 attributed to the anion-induced switching, the anion-triggered switching of higher-generation rotaxanebranched dendrimers G2 and G3 was investigated. Interestingly,
according to 1H NMR titration experiments, in these two cases,
upon the addition of TBAA, two sets of peaks (for G2, H3: 11.49
and 10.23 ppm; H4: 9.08 and 8.17 ppm; for G3, H3: 11.39 and
10.17 ppm, H4: 8.97 and 8.11 ppm) attributed to each proton of
urea moiety were observed, which might be due to the
inequivalence of different generations in higher-generation
rotaxane-branched dendrimers (Supplementary Table 7 and
Supplementary Fig. 109 for G2; Fig. 6, Supplementary Table 9
and Supplementary Fig. 112 for G3). Notably, at least 10.0 equiv.
of NaPF6 for each urea moiety was needed to totally remove the
acetate anions because of the existence of remarkable steric
hindrance. Moreover, anion-induced switching of rotaxanebranched dendrimers G2 and G3 were reversible, thus allowing
for the controllable switching motions of DEP5 rings on
branches. Notably, in order to evaluate the cycling ability of
targeted rotaxane-branched dendrimers, recycling experiments
were performed by ﬁltrating the in situ formed NaOAc
precipitate through ﬁlter syringe after each cycle. As indicated
by the chemical shift of proton H4, in all the cases, after four full
operation cycles, the chemical shift of H4 could almost go back to
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Fig. 6 1H NMR spectra (THF-d8, 298 K, 500 MHz) of anion-induced switching motion of rotaxane-branched dendrimer G3. a G3; the mixture of G3 and
TBAA, for each rotaxane unit: b TBAA (1 equiv); c TBAA (2 equiv); d TBAA (3 equiv); e TBAA (4 equiv); f TBAA (5 equiv); and the mixture obtained after
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the original value (Supplementary Fig. 113), thus indicating the
good recycling ability of these systems.
As expected, upon the addition of acetate anions as stimulus,
the reversible size modulation of G2 and G3 were evidenced by 2D DOSY measurement (Table 1). Notably, although the diffusion
coefﬁcients could not return to the original values possibly due to
the existence of the in situ formed NaOAc precipitate, the trend
of the size switching was reasonable. More importantly, the exact
value changes of diffusion coefﬁcients indicated that, along with
the generation increase of dendrimers, the size switching of
rotaxane-branched dendrimers became more remarkable.
According to the Stokes–Einstein equation, the diffusion
coefﬁcient (D) is directly proportional with hydrodynamic radii
(Rh). Thus, the shrinking ratio of Rh for different rotaxane
dendrimers was calculated (for G1, 29.2%; for G2, 35.4%; for G3,
42.5%) (Supplementary Figs.114–117). Such difference of shrinking ratio of Rh might derive from the integration of multiple
switchable rotaxane moieties in a monodispersed macromolecule,
which can amplify the responsiveness to lead to different degree
of concentration and extension. Furthermore, DLS investigation
indicated that the size of G2 decreased from 3.14 to 2.28 nm with
a shrinking ratio of 27.4%, and the size of G3 decreased from 4.51
to 2.75 nm with a shrinking ratio of 39.0% (Supplementary
Fig. 118b, c). Both the trend of anion-induced size modulation
and the shrinking ratio were in accord with the 2-D DOSY
analysis, thus again conﬁrming the anion-induced size modulation behaviors. Moreover, upon adding sodium cations to remove
the acetate anions, the sizes of all rotaxane-branched dendrimers
increased, thus indicating the reversibility of such size modulation
processes. Similar with 2-D DOSY analysis, the sizes of the
rotaxane-branched dendrimers could not fully go back to the
original state, which might be caused by the existence of the
in situ formed NaOAc precipitate.
In order to get insights into the morphology change of
rotaxane-branched dendrimers after the addition of acetate
anions as external stimulus, AFM analysis was carried out to
8

study the morphology change before and after the addition of
acetate anion. Upon the addition of TBAA, the average height of
all three rotaxane-branched dendrimers displayed the obvious
shrinking, with the values decreasing from 1.76 ± 0.26 to 1.52 ±
0.29 nm for G1, from 2.70 ± 0.29 to 1.85 ± 0.25 nm for G2, and
even from 3.21 ± 0.34 to 2.05 ± 0.30 nm for G3 (Fig. 7 and
Supplementary Figs. 119–121).
During the process of such anion-induced size switching of
rotaxane-branched dendrimers, the addition or remove of acetate
anions reversibly changed the location of DEP5 rings on the axle,
thus inﬂuencing the rigidity of all branches. When DEP5 rings
were located on the urea moiety and the adjacent methylene
groups, the self-folding of the branches from the larger stopper
site was partially inhibited. However, in the state that DEP5 rings
were located on the methylene groups far from urea moiety, such
self-folding process became easier, thus resulting in the shrinking
of rotaxane-branched dendrimers. Along with the dimension
switching induced by anion, the microenvironment of the
rotaxane-branched dendrimers changed, thus offering great
opportunities to explore potential applications such as controllable capture/delivery or supramolecular catalysis, etc.
Discussion
In conclusion, by employing a controllable divergent approach,
we have demonstrated the successful synthesis of dual stimuliresponsive rotaxane-branched dendrimers up to the third generation with 21 switchable rotaxane units on branches. More
importantly, due to the responsiveness of the switchable rotaxane
unit inserted on each branch towards DMSO molecule or acetate
anion, the resultant rotaxane-branched dendrimers displayed a
reversible size switching upon the external stimuli. With the
addition or removal of the external stimuli, the location change of
DEP5 ring on each branch led to the alteration of the rigidity of
branches, which further inﬂuenced the self-folding process and
ﬁnally the size of the integrated rotaxane-branched dendrimers.
According to this proof-of-concept work, the controllable
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Fig. 7 AFM images of rotaxane-branched dendrimers. a G1; c G1 with the addition of TBAA; e G2; g G2 with the addition of TBAA; i G3; k G3 with the
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dimension modulation of rotaxane-branched dendrimers through
the integrated motions of individual rotaxane moiety has been
proven to be feasible and practical, thus opening up a new avenue
to the in-depth investigation of rotaxane dendrimers as dynamic
functional materials.
Methods
All solvents were dried according to standard procedures and all of them were
degassed under N2 for 30 min before use. All air-sensitive reactions were carried
out under inert N2 atmosphere. 1H NMR, 13C NMR and 31P NMR spectra were
recorded on a Bruker 300 MHz Spectrometer (1H: 300 MHz; 31P: 121.4 MHz) and
Bruker 400 MHz Spectrometer (1H: 400 MHz; 13C: 100 MHz, 31P: 161.9 MHz) at
298 K. The 1H and 13C NMR chemical shifts are reported relative to residual
solvent signals, and 31P {1H} NMR chemical shifts are referenced to an external
unlocked sample of 85% H3PO4 (δ 0.0). 2-D NMR spectra (1H-1H COSY, ROESY,
and DOSY) were recorded on Bruker 500 MHz Spectrometer (1H: 500 MHz) at
298 K. The MALDI MS experiments were carried out on a Bruker UltraﬂeXtreme
MALDI TOF/TOF Mass Spectrometer (Bruker Daltonics, Billerica, MA), equipped
with smartbeam-II laser. All spectra were measured in positive reﬂectron or linear
mode. All the TEM measurements were performed under a Tecnai G2 20 TWIN
device; the TEM samples were deposited on copper grids, followed by a slow
evaporation in air at room temperature. All the AFM images were obtained on a
Dimension FastScan (Bruker), using ScanAsyst mode under ambient condition.
The AFM samples were prepared by drop casting method using mica sheet as
substrate. UV−vis spectra were recorded in a quartz cell (light path 10 mm) on a
Cary 50Bio UV-Visible spectrophotometer.
Data availability. The data that support the ﬁndings of this study are available
from the authors on reasonable request. See author contributions for speciﬁc data
sets.

Received: 30 November 2017 Accepted: 10 July 2018

References
1.
2.

3.
4.
5.

6.
7.
8.
9.
10.
11.
12.
13.
14.

15.

16.
17.

10

Balzani, V., Credi, A., Raymo, F. & Stoddart, J. F. Artiﬁcial molecular
machines. Angew. Chem. Int. Ed. 39, 3348–3391 (2000).
Zhang, L., Marcos, V. & Leigh, D. A. Molecular machines with bio-inspired
mechanisms. Proc. Natl. Acad. Sci. USA https://doi.org/10.1073/
pnas.1712788115 (2018).
Erbas-Cakmak, S., Leigh, D. A., McTernan, C. T., Nussbaumer & Alina, L.
Artiﬁcial molecular machines. Chem. Rev. 115, 10081–10206 (2015).
Bruns, C. J. & Stoddart, J. F. The Nature of the Mechanical Bond (John Wiley
& Sons, Hoboken, 2016).
Stoddart, J. F. Mechanically interlocked molecules (MIMs)—molecular
shuttles, switches, and machines (Nobel Lecture). Angew. Chem. Int. Ed. 56,
11094–11125 (2017).
Sauvage, J.-P. From chemical topology to molecular machines (Nobel
Lecture). Angew. Chem. Int. Ed. 56, 11080–11093 (2017).
Anelli, P. L., Spencer, N. & Stoddart, J. F. A molecular shuttle. J. Am. Chem.
Soc. 113, 5131–5133 (1991).
Bissell, R. A., Córdova, E., Kaifer, A. E. & Stoddart, J. F. A chemically and
electrochemically switchable molecular shuttle. Nature 369, 133–137 (1994).
Schliwa, M. & Woehlke, G. Molecular motors. Nature 422, 759–765 (2003).
Vale, R. D. & Milligan, R. A. The way things move: looking under the hood of
molecular motor proteins. Science 288, 88–95 (2000).
Alberts, B. The cell as a collection of protein machines: preparing the next
generation of molecular biologists. Cell 92, 291–294 (1998).
Krans, J. L. The sliding ﬁlament theory of muscle contraction. Nat. Educ. 3, 66
(2010).
Vukotic, V. N. & Loeb, S. J. Coordination polymers containing rotaxane
linkers. Chem. Soc. Rev. 41, 5896–5906 (2012).
Ambrogio, M. W., Thomas, C. R., Zhao, Y.-L., Zink, J. I. & Stoddart, J. F.
Mechanized silica nanoparticles: a new frontier in theranostic nanomedicine.
Acc. Chem. Res. 44, 903–913 (2011).
Neal, E. A. & Goldup, S. M. Chemical consequences of mechanical bonding in
catenanes and rotaxanes: isomerism, modiﬁcation, catalysis and molecular
machines for synthesis. Chem. Commun. 50, 5128–5142 (2014).
Leigh, D. A., Marcos, V. & Wilson, M. R. Rotaxane catalysts. ACS Catal. 4,
4490–4497 (2014).
Vukotic, V. N., Harris, K. J., Zhu, K., Schurko, R. W. & Loeb, S. J.
Metal–organic frameworks with dynamic interlocked components. Nat.
Chem. 4, 456–460 (2012).

18. Takata, T. Polyrotaxane and polyrotaxane network: supramolecular
architectures based on the concept of dynamic covalent bond chemistry.
Polym. J. 38, 1–20 (2006).
19. Bruns, C. J. & Stoddart, J. F. Rotaxane-based molecular muscles. Acc. Chem.
Res. 47, 2186–2199 (2014).
20. Vögtle, F., Richardt, G. & Werber, N. Dendrimer Chemistry: Concepts,
Syntheses, Properties, Applications (Wiley, Weinheim, 2009).
21. Newkome, G. R. & Mooreﬁeld, C. N. From 1→3 dendritic designs to fractal
supramacromolecular constructs: understanding the pathway to the Sierpi ń
ski gasket. Chem. Soc. Rev. 44, 3954–3967 (2015).
22. Cheng, Y., Zhao, L., Li, Y. & Xu, T. Design of biocompatible dendrimers for
cancer diagnosis and therapy: current status and future perspectives. Chem.
Soc. Rev. 40, 2673–2703 (2011).
23. Lee, J. K. & Kim, K. Rotaxane dendrimers. Top. Curr. Chem. 228, 111–140
(2003).
24. Leung, K. C. F. & Lau, K. N. Self-assembly and thermodynamic synthesis of
rotaxane dendrimers and related structures. Poly. Chem. 1, 988–1000 (2010).
25. Hübner, G. M., Nachtsheim, G., Qian, Y. L., Seel, C. & Vögtle, F. The spatial
demand of dendrimers: deslipping of rotaxanes. Angew. Chem. Int. Ed. 39,
1269–1272 (2000).
26. Amabilino, D. B. et al. Self-assembly of [n]rotaxanes bearing dendritic
stoppers. J. Am. Chem. Soc. 118, 12012–12020 (1996).
27. Leung, K. C. F., Aricó, F., Cantrill, S. J. & Stoddart, J. F. Template-directed
dynamic synthesis of mechanically interlocked dendrimers. J. Am. Chem. Soc.
127, 5808–5810 (2005).
28. Aprahamian, I. et al. A liquid crystalline bistable [2]rotaxane. Angew. Chem.
Int. Ed. 46, 4675–4679 (2007).
29. Gibson, H. W., Yamaguchi, N., Hamilton, L. & Jones, J. W. Cooperative selfassembly of dendrimers via pseudorotaxane formation from a homotritopic
guest molecule and complementary monotopic host dendrons. J. Am. Chem.
Soc. 124, 4653–4665 (2002).
30. Lee, J. W., Han, S. C., Kim, J. H., Ko, Y. H. & Kim, K. Formation of rotaxane
dendrimers by supramolecular click chemistry. Bull. Korean Chem. Soc. 28,
1837–1840 (2007).
31. Kim, S. Y. et al. Toward high-generation rotaxane dendrimers that incorporate
a ring component on every branch: noncovalent synthesis of a dendritic [10]
pseudorotaxane with 13 molecular components. Chem. Asian J. 2, 747–754
(2007).
32. Wang, W. & Kaifer, A. E. Electrochemical switching and size selection in
cucurbit[8]uril-mediated dendrimer self assembly. Angew. Chem. Int. Ed. 45,
7042–7046 (2006).
33. Ho, W. K. W. et al. Type III-B rotaxane dendrimers. Chem. Commun. 49,
10781–10783 (2013).
34. Kwan, C.-S., Zhao, R., Van Hove, M. A., Cai, Z. & Leung, K. C.-F. Highergeneration type III-B rotaxane dendrimers with controlling particle size in
three-dimensional molecular switching. Nat. Commun. 9, 497 (2018).
35. Michels, J. J., Huskens, J. & Reinhoudt, D. N. Dendrimer-cyclodextrin
assemblies as stabilizers for gold and platinum nanoparticles. J. Chem. Soc.
Perkin Trans. 2, 102–105 (2002).
36. Lim, Y.-b. et al. Self-assembled ternary complex of cationic dendrimer,
cucurbituril, and DNA: noncovalent strategy in developing a gene delivery
carrier. Bioconjugate Chem. 13, 1181–1185 (2002).
37. Zeng, Y., Li, Y., Li, M., Yang, G. & Li, Y. Enhancement of energy utilization in
light-harvesting dendrimers by the pseudorotaxane formation at periphery. J.
Am. Chem. Soc. 131, 9100–9106 (2009).
38. Wang, W. et al. Organometallic rotaxane dendrimers with fourth-generation
mechanically interlocked branches. Proc. Natl Acad. Sci. USA 112, 5597–5601
(2015).
39. Ogoshi, T., Kanai, S., Fujinami, S., Yamagishi, T.-A. & Nakamoto, Y. paraBridged symmetrical pillar[5]arenes: their lewis acid catalyzed synthesis and
host-guest property. J. Am. Chem. Soc. 130, 5022–5023 (2008).
40. Xue, M., Yang, Y., Chi, X., Zhang, Z. & Huang, F. Pillararenes, a new class of
macrocycles for supramolecular chemistry. Acc. Chem. Res. 45, 1294–1308
(2012).
41. Ogoshi, T., Yamagishi, T.-a & Nakamoto, Y. Pillar-shaped macrocyclic hosts
pillar[n]arenes: new key players for supramolecular chemistry. Chem. Rev.
116, 7937–8002 (2016).
42. Wang, W. & Yang, H.-B. Linear neutral platinum-acetylide moiety: beyond
the links. Chem. Commun. 50, 5171–5186 (2014).
43. Jiang, B. et al. Vapochromic behavior of a chair-shaped supramolecular
metallacycle with ultra-stability. J. Am. Chem. Soc. 138, 738–741 (2016).
44. Young, J. K., Baker, G. R., Newkome, G. R., Morris, K. F. & Johnson, C. S. Jr.
“Smart” cascade polymers. modular syntheses of four-directional dendritic
macromolecules with acidic, neutral, or basic terminal groups and the effect of
pH changes on their hydrodynamic radii. Macromolecules 27, 3464–3471 (1994).
45. Hofacker, A. L. & Parquette, J. R. Dendrimer folding in aqueous media: an
example of solvent‐mediated chirality switching. Angew. Chem. Int. Ed. 44,
1053–1057 (2005).

NATURE COMMUNICATIONS | (2018)9:3190 | DOI: 10.1038/s41467-018-05670-y | www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05670-y

46. Macchioni, A., Ciancaleoni, G., Zuccaccia, C. & Zuccaccia, D. Determining
accurate molecular sizes in solution through NMR diffusion spectroscopy.
Chem. Soc. Rev. 37, 479–489 (2008).
47. Cohen, Y., Avram, L. & Frish, L. Diffusion NMR spectroscopy in
supramolecular and combinatorial chemistry: an old parameter—new
insights. Angew. Chem. Int. Ed. 44, 520–554 (2005).
48. Xu, L. & Yang, H.-B. Our expedition in linear neutral platinum-acetylide
complexes: the preparation of micro/nanostructure materials, complicated
topologies, and dye-sensitized solar cells. Chem. Rec. 16, 1274–1297 (2016).
49. Tam, A. Y.-Y. & Yam, V. W.-W. Recent advances in metallogels. Chem. Soc.
Rev. 43, 1540–1567 (2013).
50. Yam, V. W.-W., Au, V. K.-M. & Leung, S. Y.-L. Light-emitting self-assembled
materials based on d8 and d10 transition metal complexes. Chem. Rev. 115,
7589–7728 (2015).
51. Grimme, S. A., Antony, J., Ehrlich, S. & Krieg, H. J. A consistent and accurate
ab initio parametrization of density functional dispersion correction (DFT-D)
for the 94 elements H-Pu. J. Chem. Phys. 132, 154104 (2010).
52. Stewart, J. J. P. Stewart Computational Chemistry—MOPAC (Colorado
Springs, CO, USA, 2016).

Acknowledgements
This work was ﬁnancially supported by the NSFC/China (Nos. 21625202, 21572066, and
21672070), 973 Program (No. 2015CB856600), STCSM (No. 16XD1401000), and the
Program for Changjiang Scholars and Innovative Research Team in University. We
greatly appreciate Prof. Han-Yuan Gong at Beijing Normal University for his kind help
with 1H NMR titration and Liang Zhang at The University of Manchester for helpful
comments.

G.-Q.Y., Y.-X.W., Y.Z., J.H., Y.Y., H.T., and X.L. helped in experiments and data analyses.
All authors discussed the results and commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467018-05670-y.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

Author Contributions
H.-B.Y., L.X., X.-Q.W., and W.W. conceived the project, analyzed the data, and wrote the
manuscript. X.-Q.W. performed the most of experiments. W.W., W.-J.L., L.-J.C., R.Y.,

© The Author(s) 2018

NATURE COMMUNICATIONS | (2018)9:3190 | DOI: 10.1038/s41467-018-05670-y | www.nature.com/naturecommunications

11

